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We have developed an all-electronic digital microfluidic device for

microscale chemical synthesis in organic solvents, operated by elec-

trowetting-on-dielectric (EWOD). As an example of the principles,

we demonstrate the multistep synthesis of �18F�FDG, the most com-

mon radiotracer for positron emission tomography (PET), with high

and reliable radio-fluorination efficiency of �18F�FTAG (88� 7%,

n � 11) and quantitative hydrolysis to �18F�FDG (>95%, n � 11). We

furthermore show that batches of purified �18F�FDG can successfully

be used for PET imaging in mice and that they pass typical quality

control requirements for human use (including radiochemical pur-

ity, residual solvents, Kryptofix, chemical purity, and pH). We report

statistical repeatability of the radiosynthesis rather than best-

case results, demonstrating the robustness of the EWOD microflui-

dic platform. Exhibiting high compatibility with organic solvents

and the ability to carry out sophisticated actuation and sensing of

reaction droplets, EWOD is a unique platform for performing di-

verse microscale chemical syntheses in small volumes, including

multistep processes with intermediate solvent-exchange steps.

molecular imaging ∣ PET probes ∣ synthetic chemistry ∣

lab on a chip ∣ on-chip chemistry

The use of micro-reaction technology in chemistry has grown
tremendously over the past several years (1), due primarily

to the highly precise control of reaction conditions that is possible
through rapid mixing and heat transport, leading to improved re-
action speeds and selectivity compared to macroscale approaches
(2). Additional advantages include straightforward scale-up of
production without changing conditions, and increased safety
in dangerous syntheses due to the minute amounts of reagents
within the reactor at any given time. A further advantage of mi-
crofluidics is the ability to perform reactions in extremely small
volumes, which is valuable for many applications, especially when
working with scarce reagents, such as isolated proteins or natural
products, products of long synthetic pathways, or short-lived radi-
olabeled radioisotopes where the needed mass quantities are
extremely low (3).

Myriad microfluidic platforms have been explored for chemi-
cal reactions that can be classified into three basic formats:
(i) flow-through (or continuous flow), (ii) droplet or slug, or
(iii) batch. In flow-through systems, streams of two or more re-
agents are mixed and reacted by flowing through a residence time
unit held at a constant temperature or immersed in a fixed mi-
crowave field. Continuous liquid-liquid extraction and other pro-
cesses have been developed to enable multistep reactions where
different solvents are required in different steps (4). Droplet and
slug systems are a variant of flow-through systems, in which indi-
vidual droplets or slugs (with volumes down to tens of nanoliters)
are separated by an immiscible carrier fluid, each acting as an
isolated batch microreactor and enabling vastly reduced reaction
volumes. Screening assays and optimization studies have been
performed in this format (5), but multistep reactions remain chal-
lenging. This latter limitation has been addressed with batch
microfluidic chip designs that use microvalves to isolate small

batches of reagents within a chamber. Solvents can be evaporated
while solutes remain in the chamber (6), permitting multistep
organic synthesis in nanoliter volumes.

Because the primary material used for these latter devices,
poly(dimehtylsiloxane) (PDMS), is known to be incompatible
with many organic solvents and to absorb or interact with many
reagents (7), this platform is inherently limited in its chemical
flexibility. Here we describe an alternative platform for batch
synthesis at themicroscale: electrowetting-on-dielectric (EWOD).
Constructed from inorganic materials coated with a perfluoro-
polymer layer, these microfluidic chips provide much greater
compatibility with diverse reagents and reaction conditions for
microscale chemical synthesis. EWOD devices belong to a class
of two-dimensional (2D) systems that manipulate droplets using
their surface tension (8). A typical device consists of two parallel
plates: (i) a substrate patterned with electrodes and coated with
dielectric and nonwetting layers, and (ii) a cover plate coated with
a conductor (to act as a ground electrode), dielectric and nonwet-
ting layers. Droplets are sandwiched into a disc shape between the
plates, and electrical potential is applied to individual or multiple
electrodes to achieve unit operations such as droplet generation,
transport, splitting, and merging (9). Liquid manipulation is per-
formed electronically, eliminating the need for moving parts such
as pumps and valves, and simplifying the chip and the external
control system. It is possible to integrate additional electronically
controlled functions into the chip such as sensors to monitor liquid
volumes (10) and composition (11) as well as heaters and tem-
perature sensors for heating liquid droplets or evaporating solvent
(12). The open structure of EWOD chips (without the use of
surrounding oil medium) is particularly advantageous in achieving
rapid solvent evaporations and solvent exchange. Such processes
greatly extend the sophistication of chemical syntheses that can
be performed on-chip by enabling multistep reactions. Though
generally used for manipulation of aqueous samples and biochem-
ical assays (8) EWOD chips can manipulate organic solvents (13)
and ionic liquids (14) for performing chemical reactions.

We demonstrate here multistep chemical synthesis in EWOD
chips involving volatile organic solvents such as acetonitrile
(MeCN) to produce 2-[18F]fluoro-2-deoxy-D-glucose (½18F�FDG),
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the most commonly used radiotracer for imaging of living subjects
with positron emission tomography (PET) (15, 16). It has pre-
viously been shown, with flow-through systems working with
relatively large volumes (e.g., 0.5–1.0 mL), that changing from
macroscale to microscale geometry leads to dramatic accelera-
tion of reactions in the synthesis of ½18F�FDG (17, 18) and other
PET tracers labeled with short-lived radioisotopes (19). Perform-
ing the chemistry in small volume batches in the 40 nL–60 μL
range (6, 20, 21) offers further additional advantages, including:
(i) reduced precursor consumption, (ii) accelerated heating and
cooling due to reduced mass of liquid, and (iii) increased integra-
tion of overall synthesis processes (including [18F]fluoride activa-
tion) onto the compact chip. It is possible to work at this scale due
to the extremely minute mass of tracers needed for PET imaging
(e.g., 6 pmol for typical human scan). Other potential advantages
(not yet established experimentally) include enhanced reaction
kinetics (by increased concentration of [18F]fluoride), reduced
radiolysis (due to confinement of reaction mixture in geometries
with dimensions less than the positron range), simpler purifica-
tion, and increased specific activity (ratio of the radiolabeled to
the nonradiolabeled form). The EWOD digital microfluidics de-
scribed here provides a unique platform for synthesis at these
small scales (100 nL–20 μL)—one that overcomes the serious
limitations observed in PDMS radiosynthesis chips such as poor
chemical compatibility, low synthesis repeatability, high loss of
radioactivity (up to 95% of [18F]fluoride), and long evaporation
times through PDMS membranes (20). EWOD devices have the
additional advantage of digitally programmable fluid pathways
that combined with their high chemical and temperature compat-
ibility (22), could readily be configured for a wide variety of
microscale batch organic syntheses, optimization, or screening
studies.

Results and Discussion

EWOD Chemistry Chip. The structure, electrode design, and fabri-
cation of the EWOD chemistry chip are shown in Fig. 1, Fig. S1.
Droplets of reagents are sandwiched between two glass plates
separated by a gap of 150 μm. The base plate is patterned with
an array of electrode pads to control the movement and opera-
tions with droplets within the chip. The majority of these electro-
des control transport of reagent droplets by sequential activation
along “virtual channels” from two reagent loading sites at the
edge of the chip to the central circular reaction site. The elec-

trode pads within the reaction site are designed to be multi-
functional, capable of resistive Joule heating and thermistic tem-
perature sensing in addition to droplet transport (12). The cover
plate is coated with a blanket electrode, which electrically
grounds the droplets. Both of the plates are coated with a dielec-
tric layer (silicon nitride used) to electrically insulate the droplets
from the electrodes, and a layer of Cytop® to enhance the
EWOD effect. The transparent conductor indium tin oxide (ITO)
is used for electrodes and connection lines to facilitate visualiza-
tion of the process occurring within the chip. However, the con-
nection lines leading to heating electrodes are made of gold,
which has higher conductivity than ITO, to ensure that most of
the voltage drop (and heating effect) occurs on the heater rather
than on the connection lines.

The central 12 mm-diameter reaction site is composed of
multifunctional electrodes and can be used to control the tem-
perature of liquid volumes up to about 17 μL. The reaction site
comprises four concentric heating rings, independently capable
of feedback temperature control, for reaction and evaporation
steps. The concentric design enables centering of the reaction
droplet by EWOD, and provides more accurate temperature
measurement and uniform temperature control, especially as
the droplet shrinks during evaporation steps. More specifically,
power to the outer heating rings is lowered or cut off successively
as each ring senses its surface being dried. If not divided into
multiple heating rings, a single circular heater would sense one
average temperature over its entire area. As the liquid droplets
shrink, the heater surface outside the liquid would be overheated
while the liquid would be underheated.

These chip features support a small set of “unit operations,”
sequences of which are combined to perform multistep chemical
syntheses. The operations include: (i) reagent transport, (ii) mix-
ing/redissolving, (iii) reaction at elevated temperature, and (iv)
evaporation. (See Fig. S2).

Radiosynthesis of ½18F�FDG on EWOD Chip.The synthesis of ½18F�FDG
was performed according to the method developed by Hamacher,
et al. (23), adapted for μL-scale reactions on the EWOD chip
(Fig. 2). Briefly, the original synthesis involves activation of the
[18F]fluoride ion, followed by fluorination of the mannose triflate
precursor at elevated temperature in MeCN, and finally depro-
tection at elevated temperature with hydrochloric acid (HCl).

[18F]fluoride is produced from the 18Oðp;nÞ18F nuclear reac-
tion by bombardment of an ½18O�H2O target by a proton beam
in a cyclotron. Herein, we worked with radioisotope concen-
trations of about 0.2 mCi∕μL, though higher concentrations
(1 mCi∕μL or more) can readily be obtained. For example, using
a miniature anion exchange cartridge, rapid and efficient trap-
ping of >800 mCi from a cyclotron target volume has been
achieved, followed by elution of nearly all activity into only
5 μL of K2CO3 (20). We intend to operate at high levels of radio-
activity when the chip is further automated. The [18F]fluoride
must be activated prior to fluorination of the precursor by dis-
rupting the strong water-fluoride interaction, which is most com-
monly achieved by a solvent-exchange process using an anion
exchange cartridge and/or evaporation in the presence of a
phase-transfer catalyst. Activation in Hamacher’s synthesis (and
many others) is achieved by forming the ½18F�KF∕K2.2:2 complex
and adding acetonitrile, which forms a low-boiling-point azeo-
trope with water and thereby facilitates the removal of water
via evaporation. Translation of the associated evaporation steps
to EWOD is straightforward as the open sides of the EWOD chip
facilitate the removal of solvent vapor from the droplet. However,
the heated reactions in volatile solvents (e.g., the fluorination in
MeCN, bp ¼ 82 °C) are more challenging to perform in EWOD
as the open sides lead to significant unwanted evaporation and
unreliable synthesis. At the macroscale, the reaction vessel is ty-
pically closed, causing vapor pressure to build up within the vessel

Fig. 1. (A) EWODmicrochip with four concentric heaters (dashed circle) with

a maximum volume of 17 μL. Inset shows magnified area of the heater with

four concentric individually controlled resistive heating rings. (B) Schematic

side view of the EWOD chip sandwiching a reaction droplet between two

plates coated with ITO electrodes, a dielectric layer, and a hydrophobic layer

of Cytop (not to scale).
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and limit the amount of solvent that can evaporate. Sealing the
edges of the EWOD chip was unsuccessful, simply resulting in
redistribution of the entire liquid volume from the reaction dro-
plet to cooler parts of the chip.

A common technique employed to reduce evaporation in
EWOD devices is to fill the device with an immiscible, high-boil-
ing-point liquid such as fluorinated oil which surrounds the dro-
plets (24). However, for many chemical syntheses, this approach
is not practical due to the miscibility of oil with many organic
solvents, and the difficulty in efficiently separating the oil from
the reaction product. Furthermore, for multistep syntheses where

solvent-exchange is needed, the oil completely prevents the
possibility of evaporative removal of solvent. Reduction of eva-
poration can also be achieved by surrounding droplets with a
pressurized gas medium, which reduces the diffusion constant of
vapor through the medium (25).

Another strategy that has been reported is to perform the
reaction in exotic, nonvolatile solvents such as ionic liquids as
has been reported for the synthesis of tetrahydroquinolines
on EWOD chips (26). Ionic liquids have been used in the (macro-
scale) synthesis of ½18F�FDG, and in fact eliminate the need for an
initial drying step to activate the [18F]fluoride (27). We elected
not to use ionic liquids because this approach often requires tai-
loring the ionic liquid for a specific chemical reaction and also
could make isolation of final product challenging. (28) To facil-
itate rapid translation of PET tracer syntheses into the microflui-
dic chip and leveraging the existing knowledge base of protocols
based on traditional organic solvents, we explored using a mixture
of 1∶4 DMSO∶MeCN (vol∕vol) instead of pure MeCN. DMSO
(bp ¼ 182 °C) evaporates more slowly and maintains complete
solvation of the reaction mixture throughout the synthesis.
DMSO has numerous advantages over MeCN including high po-
larizability, fast reaction rates, and the ability to perform chemical
reactions at higher temperatures (29), but is not preferably used
in conventional macroscopic synthesis due to the difficulty in re-
moving it after the synthesis. At the microscale, we found only
residual amount of DMSO at the end of the reaction due to
the extremely small starting volume. The residual DMSO did
not adversely affect the subsequent hydrolysis step nor did it gen-
erate toxic byproducts under the harsh (high temperature and
acidity) reaction conditions (see SI Text). Moreover, the residual
amount was below the acceptable limits for human use and
seemed not to adversely affect the image quality or health of
the mouse during micro-PET imaging.

This minor but critical modification in the chemistry enabled
systematic screening of reaction conditions as each parameter
could be controlled independently unlike the case of evaporating
droplets of volatile solvents where the concentration, tempera-
ture, and reaction time are more tightly coupled. Specific screen-
ing studies are discussed in detail in the SI Text and in Fig. S3
and S4.

Optimized Synthesis. The following sections summarize all steps of
the radiosynthesis of ½18F�FDG implemented in the EWOD chip,
including results at each step obtained by standard analytical
techniques as well as Cerenkov imaging—a technique to obtain
qualitative distribution of radioactivity on EWOD chip in situ.
Compared to the previously reported Cerenkov imaging system
(30), the setup here used a rotatable mirror to switch between
Cerenkov and bright-field imaging subsystems, enabling optimi-
zation of each imaging modality and permitting the Cerenkov
CCD camera to be shielded from direct gamma irradiation to
reduce noise in the images (Fig. S5). Details of the Cerenkov ima-
ging setup, radioactivity calibration, and step-by-step quantitative
analysis of EWOD radiotracer synthesis will be published
elsewhere.

[18F]fluoride activation. The solution of no-carrier-added [18F]
fluoride in ½18O�H2O was premixed with a solution of complexing
agent [Kryptofix K2.2:2 and K2CO3 in MeCN∶H2O (95∶5, vol∕
vol)]. The optimal volume ratio of these solutions was investi-
gated to maximize the concentration of radioactivity per droplet
without compromising the fluorination efficiency due to the in-
creased water content. We found that up to 50% ½18F�fluoride∕
½18O�H2O could be used, enabling loading up to ∼1.7 mCi at a
time into the chip. (About 0.05–0.2 mCi of the final tracer is
needed for preclinical imaging in a mouse.) Droplets of the
½18F�KF∕K2.2:2 mixture in H2O∕MeCN (1∶1, vol∕vol) were se-
quentially loaded onto the EWOD chip using a micropipette,

Fig. 2. Sequence of photograph images with and the corresponding Ceren-

kov images (blue background) and the synthetic scheme of the multistep

radiosynthesis performed on EWOD. For clarification, the heater region is

outlined with a red circle, the droplet is outlined with white dashes, the blue

arrow illustrates the needle position and direction of nitrogen flow, and the

activation of the heater is indicated by the thermometer symbol with adja-

cent temperature. (i) Edge loading of the [18F�KF∕K2.2:2 complex onto the chip

and transport to the heater via EWOD; (ii) Concentration of the [18F�KF∕K2.2:2

complex via evaporation; (iii) Exchange of solvent to anhydrous MeCN fol-

lowed by several cycles of azeotropic distillation; (iv) Loading of mannose

triflate (precursor) and mixing with the dried [18F�KF∕K2.2:2 by heating at

moderate temperature; followed by fluorination of mannose triflate; (v) Ad-

dition of droplets containing a mixture of HCl/MeCN to the crude ½18F�FTAG

intermediate to perform hydrolysis to form ½18F�FDG. The color legend on the

right indicates the brightness of the Cerenkov light. Qualitatively, Cerenkov

images confirmed that the radioactivity is always confined to the droplet in

steps where liquid is present in every step of the synthesis.
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transported to the heater and evaporated at 105 °C (Fig. 2, i).
During evaporation, a stream of nitrogen was introduced into
the chip via a needle aligned parallel to the gap within the EWOD
chip. The nitrogen flows around the droplet to facilitate the
removal of solvent vapor out of the chip and thereby increases
the efficiency of the drying process. This flow likely helps to main-
tain a high evaporation rate by avoiding the buildup of partial
pressure of vapor near the droplet-air surface as evidenced by
the absence of condensation around one half of the droplet when
the nitrogen flow is turned on (Fig. S6). Nitrogen flow also seems
to help prevent catastrophic bursting of droplets heated near or
above the solvent boiling point. After the solvent was evaporated
from the loaded solution, the process was repeated to double the
amount of radioactivity loaded into the chip. Cerenkov imaging
confirmed that the radioactivity remained localized within the re-
action heater throughout the loading and evaporation steps
(Fig. 2, ii).

Azeotropic distillation. After loading and drying of the aqueous
[18F]fluoride mixture, further removal of residual water was
achieved via three cycles of azeotropic distillation. For each, ad-
ditional MeCN droplets were transported to the reaction site via
EWOD and evaporated at 105 °C under a nitrogen flow. After the
final azeotropic distillation step, the spatial distribution of the
dried [18F]fluoride complex on-chip was determined via Ceren-
kov imaging (Fig. 2, iii), in order to optimize the volume of sol-
vent needed to cover and thus resolubilize all of the dried
½18F�KF∕K2.2:2 residue in the subsequent radio-fluorination step.

Nucleophilic substitution (radiofluorination).Based on the Cerenkov
image, droplets of precursor solution were loaded onto the chip
and transported to the heater electrode until the combined dro-
plet covered all of the radioactive area. Very little mixing of the
radioactive solute into the precursor solution was observed (via
Cerenkov imaging) if the droplet remained at room temperature
for relatively long times (e.g., 5–10 min). By heating to 60 °C for
3 min, a uniform distribution of radioactivity throughout the dro-
plet was observed (Fig. 2, iv), indicating effective dissolution and
mixing of the ½18F�KF∕K2.2:2 into the precursor droplet. We sus-
pect this mixing action occurs primarily through convection, per-
haps arising due to cooling from the cover plate and evaporation
at the droplet edge, as suggested by Marchand, et al. (14). After
mixing, the fluorination reaction was performed at 120 °C for
10 min to obtain the intermediate product 2-deoxy-2-[18F]fluoro-
1,3,4,6-tetra-O-acetyl-beta-D-glucopyranose (½18F�FTAG). Dur-
ing the fluorination reaction, the droplet shrank from about
16 μL to 1 μL, presumably due to loss of most of the MeCN
and some of the DMSO. Radio-thin-layer chromatography
(TLC) analysis showed the conversion of [18F]fluoride to
½18F�FTAG to be high and repeatable (88� 7%, n ¼ 11) (Fig. 3).

Hydrolysis. The intermediate ½18F�FTAG was hydrolyzed under
acidic conditions to produce the final product, ½18F�FDG. A
mixture of 1N HCl solution and MeCN was loaded, transported
to the reaction site, and heated to 100 °C for 10 min. Analysis via
Cerenkov imaging (Fig. 2, v) showed that the entire radioactivity
remained within the boundaries of the reaction droplet, suggest-
ing effective utilization of the radioactivity in all steps after dry-
ing. The conversion efficiency of the overall radiosynthesis was
analyzed via radio-TLC developed in MeCN∕H2O (95∶5
vol∕vol). The radio-TLC (Fig. 3A) showed the three peaks that
are normally observed in the conventional synthesis, namely:
(i) unreacted [18F]fluoride, (ii) ½18F�FTAG, and (iii) ½18F�FDG.
This result showed that the hydrolysis of ½18F�FTAG was success-
ful under the optimized acidic condition despite the presence of
residual DMSO in the hydrolysis reaction. In order to confirm
complete hydrolysis of ½18F�FTAG to ½18F�FDG, a second TLC

of the crude product was developed in hexanes/ethyl acetate
(50∶50 vol∕vol). This method provides distinct separation be-
tween the various hydrolysis intermediates and the ½18F�FDG pro-
duct, thus enabling development of a quantitative hydrolysis
condition on EWOD chip. Prior to optimization of the hydrolysis
reaction conditions, we observed a significant amount of par-
tially-hydrolyzed product via this second TLC method that was
not separated in the standard TLC (in MeCN∕H2O) (Fig. S7).
It is unclear whether other microfluidic studies of ½18F�FDG
synthesis have explored the degree of completion of hydrolysis
in detail.

Quality Control (QC) Analysis of ½18F�FDG. Following the synthesis
and purification in a custom miniature cartridge (Fig. 3B, SI
Text), the formulated ½18F�FDG product (approximately 250 μL
for multiple-mouse imaging) was subjected to the stringent set
of standard quality control procedures recommended for testing
purity and safety prior to injection into humans (31), including
the Kryptofix colorimetric TLC test, pH test, residual solvent
analysis via gas chromatography (GC) and radiochemical purity
analysis via high performance liquid chromatography (HPLC)
and radio-TLC. Due to the higher sensitivity and other advan-
tages of potassium permanganate staining (32), we use this meth-
od to test the concentration of Kryptofix rather than the more
common iodine staining. Additional tests such as filter-integrity,
bacterial endotoxin, and pyrogenicity tests, were not performed,
as there is no expected difference in outcome compared with con-
ventional synthesis.

The final product solution was found to be clear and free of
particulates. The concentration of residual Kryptofix was deter-
mined to be <4 μg∕mL, well below the 50 μg∕mL allowable limit
set by the United States Pharmacopeia (USP). The pH of the fi-
nal product was measured using a calibrated pH meter to be 7.2.
Furthermore, quantitative GC analysis showed that the ½18F�FDG
product contained 870 ppm of DMSO, 115 ppm of ethanol and
undetectable level of acetonitrile. The detection limit is estimated
to be <20 ppm, which is sufficient given that the maximum allow-
able concentration of these solvents are generally in the range
of hundreds to thousands ppm. The USP allowable limits for
DMSO, ethanol, and acetonitrile are 5,000 ppm, 5,000 ppm,
and 400 ppm, respectively. Though we did not expect significant
DMSO side products in the synthesis due to the milder conditions
and shorter time scales than generally needed for decomposition,
we quantitatively analyzed the residual amounts of these toxic
side products (33). Several ½18F�FDG samples were tested and
none of these compounds were detected (Fig. S8A). Radiochemi-
cal purity was determined by radio-TLC as above and by isocratic

Fig. 3. (A) Stack radio-TLC chromatogram of the crude ½18F�TAG (green

trace), crude ½18F�FDG (blue trace), and purified ½18F�FDG (red trace) from a

typical on-chip synthesis. The radio-TLC profile of the purified ½18F�FDG

showed >99% chemical purity after passing through the custom made car-

tridge shown in (B), with 88% purification efficiency. (B) A schematic diagram

of the custommade cartridge comprised of ion retardation, cation exchange,

neutral alumina and C-18 resins packed within a 760 μm diameter perfluor-

oalkoxy tube.
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radio-HPLC (see Fig. S8B). It should be noted that if the tracer
was actually to be used in humans, each dose could be diluted
to about 10 mL volume, further reducing all the impurity levels
reported here.

Overall radiochemical yield was found to be 22� 8% (n ¼ 11).
Other work in batch microfluidics has not clearly reported the
yield or the repeatability; however, the loss of radioactivity
due to interaction with the PDMS material is described as being
between 5–95% (20), so our result represents a tremendous im-
provement in repeatability. Though the yield obtained is some-
what lower than typically obtained in macroscale synthesis, the
compact device size, flexibility of digital control, and ability to
work at small volumes offer unique advantages. The total time
for this proof-of-concept synthesis was ∼60 min, with an addi-
tional 15 min for off-chip purification. The time is longer than
other chip-based and macroscale approaches due to the many
manual steps of loading reagents, activating droplet operations,
and product droplet collection. We are currently developing tech-
nology for automated reagent loading and product extraction and
anticipate a reduction to ∼30 min, with further reductions ex-
pected by optimizing the heating control. Although several
groups have reported batch microfluidic synthesis of PET tracers,
to the best of our knowledge, none have reported data on the
repeatability of the radiosynthesis on-chip, which is a crucial fac-
tor in translating this technology to other users, commercializa-
tion, and eventual clinical use. Furthermore, these previous
studies have not reported detail, quantitative quality control ana-
lysis of the tracer produced in the chip.

Micro-PET Imaging. To further validate the quality of the ½18F�FDG
synthesized on-chip, the in vivo biodistribution was examined by
imaging a lymphoma xenograft-bearing mouse with micro-PET/
CT. As shown in Fig. 4, the image of the mouse exhibits the ex-
pected uptake of ½18F�FDG in the tumor, heart, kidneys, and blad-
der. Quantitative analysis of the overall biodistribution of
½18F�FDG synthesized on the EWOD chip was comparable to
the biodistribution in the same mouse using ½18F�FDG obtained
from the UCLA Biomedical Cyclotron facility that provides
½18F�FDG for patient care under cGMP (Table 1). The differences
in the tumor uptake can be explained by the growth in tumor size
between the 2 d of imaging.

Conclusions
The EWOD-based micro-reaction technology reported here was
optimized for performing unit operations (transporting, heating,
mixing, and solvent exchange) on organic or aqueous droplets,
which can be combined to perform multistep synthesis at the
microscale. Using this platform, we successfully demonstrated

the synthesis of ½18F�FDG with high and reliable fluorination
efficiency (88� 7%, n ¼ 11) and quantitative hydrolysis with
22� 8% (n ¼ 11) radiochemical yield of the purified product,
½18F�FDG. Doses of ½18F�FDG sufficient for multiple animal ima-
ging were prepared on-chip, subjected to quality control testing,
and the in vivo biodistribution of chip-produced ½18F�FDG was
validated.

This work demonstrates that EWOD can serve as a micro-
chemistry platform allowing the use of traditional solvents. The
translation of radiosynthesis and other multistep chemical pro-
cesses into the EWOD format is therefore facilitated because
significant changes in the chemical synthesis are not required. This
versatile platform could readily be used to synthesize additional
PET tracers, and potentially form the basis of a technology plat-
form for on-demand production of diverse tracers leveraging the
inexpensive supply of [18F]fluoride from the worldwide network of
PETradiopharmacies.With further development of preconcentra-
tion technologies (20) to enable on-demand dispensing of desired
radioactivity, a shipment of [18F]fluoride could supply multiple
synthesis runs. Furthermore, the EWOD platform could be ex-
tended to small-scale production or optimization studies of a vari-
ety of other types of molecules involving scarce or expensive
reagents that could benefit from small-volume synthesis.

Compared to other microfluidic approaches for batch chemi-
cal synthesis such as PDMS devices, EWOD provides enhanced
versatility due to construction from chemically inert materials
with high temperature stability, and the flexibility of a single chip
design to implement different multistep reaction protocols via
electronically programmed “virtual channels” and a small set
of unit operations.

Materials and Methods
EWOD Chip Operation. The EWOD chip was fabricated according to previously

reported methods (34) (Fig. S1). The chip was operated inside a dark enclo-

sure behind lead shielding to enable Cerenkov imaging. Electrical connec-

tions were fed into the enclosure through a 0.5 m-long black tube to

limit light leakage (Fig. S5). For EWOD actuation, a 10 kHz signal was gen-

erated (33220A waveform generator, Agilent Technologies) and amplified to

100 Vrms (Model 601C, Trek). Individually addressable relays (AQW610EH

PhotoMOS relay, Panasonic) applied the voltage selectively to desired elec-

trodes to move the liquid droplet. The relays were controlled by a LabVIEW

program using a digital I/O device (NI USB-6509, National Instruments). The

chip’s multifunctional electrodes were connected via a switch to alternate

between EWOD actuation or heating and temperature measurement. To in-

dependently maintain precise feedback-controlled temperatures over the re-

action site’s four individual heaters, a multichannel heater controller and

driver were built (see SI Text for details of control algorithm).

Reagents.Anhydrous acetonitrile (MeCN, 99.8%), anhydrous dimethyl sulfox-

ide (DMSO, 99.9%), potassium carbonate (99.9%), mannose triflate for PET

imaging and 4,7,13,16,21,24,-hexaoxa-1,10, diazobicyclo(8.8.8) hexacosane

98% (Kryptofix K2.2:2), hexanes, and ethyl acetate were purchased from

Sigma-Aldrich and used as received without further purification. 1N HCl (cer-

tified, Fisher Chemicals) was purchased from Fisher Scientific and used as

received. No-carrier-added [18F]fluoride ion was obtained from the UCLA Bio-

medical Cyclotron Facility by irradiation of 97% 18O-enriched water with an

Fig. 4. Small animal PET and CT images of a mouse bearing a lymphoma

xenograft (right shoulder) after administration of ½18F�FDG prepared on

EWOD chip (left), and ½18F�FDG prepared at the UCLA Biomedical Cyclotron

facility (right). Injections and static scans (10 min duration, 1 h postinjection)

were performed on the same mouse on consecutive days.

Table 1. Biodistribution (% uptake) of �18F�FDG in the tumor and

other organs relative to the whole body as determined frommicro-

PET image analysis. The tumor had grown approximately 30% after

the first study, in part explaining the higher uptake seen in the

second study

Organ

% Uptake

(EWOD FDG)

% Uptake

(cyclotron facility FDG)

Whole body 100 100
Heart 1.6 1.5
Tumor 2.8 4.6
Left kidney 1.2 1.2
Right kidney 1.2 1.3
Bladder 43.4 43.5
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11 MeV proton beam using an RDS-112 cyclotron (Siemens). GC standard re-

agents with >99.5% purity were purchased from Aldrich, Acros Chemicals

and Tokyo Chemical Industry and used as received.

General Radiosynthesis Procedure on EWOD Chip. 50 μL (11mCi) of the aqueous

[18F]fluoride ion was added to a 50 μL mixture of K2.2:2 (26 mM) and K2CO3

(7 mM) in MeCN∶H2O (95∶5 vol∕vol) to achieve a radioactivity concentration

of ∼120 μCi∕μL. In a typical multistep radiosynthesis on EWOD chip, four dro-

plets of ½18F�KF∕K2.2:2 complex (2 μL each) were pipetted to the edge of the

EWOD chip, then transported to the reaction site by EWOD actuation. The

8 μL ½18F�KF∕K2.2:2 droplet was heated to 105 °C within 1.5 min (i.e., 1.3 °C∕ sec

ramp rate) and held at 105 °C for 1 min to evaporate the solvent. The loading

and evaporation processes were repeated to achieve a total of 16 μL

½18F�KF∕K2.2:2, corresponding to about 2 mCi of radioactivity on-chip. The

½18F�KF∕K2.2:2 complex was dried via azeotropic distillation by transporting

four MeCN droplets (3 μL each) through the first loading edge into the heater

site and heated at 105 °C for 1 min. Azeotropic distillations with 12 μL of

MeCN were repeated three additional times. To the dried ½18F�KF∕K2.2:2 resi-

due, two droplets of mannose triflate in DMSO (2 μL each; 104 mM) and four

droplets of MeCN (3 μL each) were added by pipetting onto the EWOD chip

through the second loading edge site. The reaction droplet was heated at

60 °C for 3 min to induce mixing of the dried ½18F�KF∕K2.2:2 residue through-

out the precursor solution. Then, the reaction mixture was gradually heated

from room temperature to 120 °C over a period of 10 min to perform the

fluorination reaction. To the crude ½18F�FTAG droplet, five droplets of 1N

HCl/MeCN 50∶50 (3 μL each) were added and transported to the heater re-

gion and heated at 100 °C for 10 min for the deprotection reaction. After

synthesis, the cover plate was removed and the crude ½18F�FDG product was

extracted using 40 μL of H2O for radio-TLC analysis and cartridge purification.

The crude ½18F�FDG was passed through the custom-built miniature cartridge

and washed with 250 μL of water to collect the final ½18F�FDG product.

Analysis and QC of ½18F�FDG. The radio-fluorination and hydrolysis efficiencies

of ½18F�FDG were determined by TLC on silica gel plates using 95∶5ðvol∕volÞ

MeCN∕H2O (mobile phase 1) or 50∶50 (vol∕vol) hexanes:ethyl acetate (mobile

phase 2). The radioactivity distribution was scanned with a γ-counter (Mini-

GITA star, Raytest). For mobile phase 1, the retention factors (Rf ) of [
18F]fluor-

ide (peak at baseline), ½18F�FDG (peak at 33 mm), and ½18F�FTAG (peak at

46 mm) were 0.00, 0.47 and 0.65, respectively (Fig. 3A). With mobile phase

2, both the unreacted fluoride and ½18F�FDG remained on the baseline

(Rf ¼ 0), while the partially hydrolyzed intermediate travelled from the base-

line (Fig. S7B). Methods to implement standard QC testing are described in

the SI Text.

Micro-PET Imaging and ½18F�FDG Biodistribution. A 250 μL batch of purified

½18F�FDG was divided into four separate mouse doses, and formulated with

saline solution (0.9%wt∕vol of NaCl) to reach a total volume of 100 μL in each

dose prior to injection for micro-PET imaging. A SCIDmouse was injected sub-

cutaneously with 1–5 million BC-1 lymphoma cells (50 μL mixed with 50 μL

Matrigel) ∼2 w before imaging. The xenograft-bearing mouse was injected

with 38 μCi of ½18F�FDG via tail vein injection. Following 1 h delay for uptake

and nonspecific clearance, the mouse was imaged for 10 min in a small ani-

mal PET scanner (MicroPET Inveon, Siemens), followed by a microCT scan (mi-

croCAT II, Siemens). The microPET and microCT scans were coregistered to

yield a single image that were displayed using AMIDE (35) and images were

reconstructed using a 3D filtered back-projection reconstruction algorithm

for quantitation. Regions of interest were drawn to calculate ratio of tumor

uptake to soft tissues. For comparison, ½18F�FDG synthesized at the UCLA cy-

clotron facility was injected into the same mouse on the subsequent day for

microPET imaging under similar conditions. These animal studies were carried

out under protocols approved by the Chancellor’s Animal Research Commit-

tee at the University of California, Los Angeles.
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Instrumentation. EWOD chip fabrication. The EWOD chips
consisted of two plates: one base plate with defined electrodes
to route, heat, and measure temperature of droplets, and a cover
plate with a conductive layer to ground droplets for electrowet-
ting (Fig. S1). The base plate was fabricated from a 700 μm-thick
glass wafer coated with 140 nm of indium tin oxide (ITO) (Semi-
conductor Solutions LLC). 20 nm of chrome and 200 nm of gold
were evaporated onto the wafer and 1.6 μm photoresist was spin-
coated onto the gold. Photolithography was used to selectively
remove the metal layers (gold, chrome, and ITO) by wet etching
for patterning EWOD electrodes, heaters, connection lines, and
contact pads. Another photolithography step followed by wet
etching was used to selectively remove the top two metal layers
(gold and chrome) from the EWOD electrodes and heaters
for defining the connecting lines. A 1 μm dielectric layer of silicon
nitride was deposited by plasma-enhanced chemical-vapor-de-
position (PECVD), and 1 μm of Cytop® was spin-coated and an-
nealed at 200 °C to make the surface hydrophobic. The cover
plate was prepared from an essentially same wafer as the base
plate—700 μm- thick glass wafer coated with 150 nm of ITO (Del-
ta Technologies Inc.). The wafer was coated with thinner layers of
silicon nitride (100 nm) and Cytop® (100 nm) than the base. The
cover plate was spaced and bonded to the base plate at its corners
using two layers of double-sided tape (3M Inc.), each listed as
100 μm thick but measured to be about 70 μm thick.

Unit operations on EWOD chip. Chemical syntheses on the EWOD
chip are performed by executing sequences of fundamental unit
operations (Fig. S2):

• Transport: The reaction site is filled with reagents by pipetting
reagent droplets (volume 2–4 μL each) to the reagent loading
sites then actuating series of electrodes to transport these dro-
plets to the center of the chip (Fig. S2 A and B). Generally,
several reagent droplets must be loaded sequentially to fill the
reaction site (maximum volume ∼17 μL).

• Mixing/Redissolution: Gentle heating accelerates mixing of
newly loaded reagents with previous contents of reaction site
(Fig. S2C).

• Reaction: The reaction site is heated to perform a chemical
reaction within the previously mixed droplet (Fig. S2D).

• Evaporation: Solvent is evaporated by heating the liquid at the
reaction site while simultaneously blowing a stream of inert gas
past the droplet surface (Fig. S2E).

EWOD heater temperature controller. The multichannel heater
controller and driver were designed to provide an expandable
platform for achieving and maintaining multiple, independent
EWOD reaction sites at precise temperatures, including segmen-
ted heaters for spatially varying temperature profiles (e.g., the
concentric ring pattern), or heaters on different chips. The instru-
ment was specifically designed for the resistive micro-heaters pat-
terned on the EWOD chip. The controller incorporates a low
noise, real-time, zero-resistance current measurement, and am-
plification while providing a self-powered, amplified heater driver
with parameters that can be controlled by dedicated software.

The heater output voltage V out
t was given by:

V out
t ¼ maxð0.35;minð20;V out

t−1 þ ΔV ÞÞ:

Amultiband proportional gain control algorithm was designed
to achieve speed and stability for temperature control. The vol-
tage change was limited to a maximum range of þ1 and −1V to
avoid destabilization in case of extreme temperature set-point or
an erroneous reading.

ΔV ¼ maxð−1;minð1;KðTset − T tÞÞÞ

K ¼

8

>

>

<

>

>

:

1∕50 for jTset − T tj ≥ 40

1∕20 for 5 ≤ jTset − T tj < 40

1∕10 for jTset − T tj < 5

:

Temperature of any heater time t is given by T t:

T t ¼

�

V out
t−1

It
− RRT

�

dR
dT

:

RRT is the resistance at room temperature measured with an
application of 350 mV which applied less than 100 μW causing
less than 2 °C temperature change. The 350 mVapplied potential
set a baseline of current measurement which was well above the
absolute accuracy of the system for all heaters. The <2 °C tem-
perature change along with room temperature variations were
the determining factors in the absolute accuracy of the tempera-
ture control system. Temperature measurement resolution once
an experiment had started was better than 0.1 °C.

dR
dT is the change in heater resistance with temperature which

was calibrated for each heater in an oil-bath and shown to be con-
stant over the range of temperatures used in this experiment. It is
the current obtained in the interval between V out

t and V out
t−1 which

usually lasted 100 ms.

It ¼
∑

t

ðt−1Þþ20ms
It

n
− Ibias:

Current acquisition in this interval was triggered with the
voltage change from the control program. Acquisition was at
5;000 samples∕s for each heater and the first 20 ms of data
was discarded to allow stabilization of heaters and resistive-capa-
citive (RC) time constants from stray capacitances and low pass
filters in the acquisition hardware. Current acquisition was per-
formed with a zero-resistance transimpedance amplifier incor-
porating an integrated antialiasing filter with a 1 ms time
constant and an output of 100 mV∕mA. The current monitor cir-
cuits for each heater were designed in house and packaged with a
multi heater driver, capable of providing 4× amplification of driv-
ing signal (Vout) and up to 20 Vand 50 mA to each heater. The
driver was controlled by the analog output of a DAQ card (NI
USB-6259, National Instruments) and the current monitor signal
was acquired with a 16-bit analog-to-digital (A/D) converter from
differential inputs of the same device. The current data was aver-
aged over each acquisition interval to eliminate 60 Hz and other
circuit noise while the bias current Ibias, obtained from the circuit
under zero applied potential was subtracted from this value.

Cerenkov imaging. The technique of Cerenkov imaging for mea-
surement of quantity and distribution of radioactivity in micro-
fluidic chips has been described previously (1). As an
enhancement, the system was modified to enable switching be-
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tween a camera for Cerenkov imaging and another camera for
bright-field imaging to allow separate optimization of image re-
quirements (Fig. S5). The setup is enclosed in a light-tight enclo-
sure (Hoffman CSD20168) to eliminate the effect of ambient
light on Cerenkov image quantification. A servomotor (Hitec HS-
485HB) was used to rotate a first surface mirror (Techspec) 45°
from parallel with the chip towards either camera for Cerenkov
imaging or video monitoring. A Sony ICX098BQ progressive scan
CCD (Imaging Source DFK 21AU04) coupled to a variable focal
length lens (MC Electronics 5.0–50 mm) was used to monitor
droplet movement on the EWOD device. A slow scan cooled Ko-
dak KAI-04022 CCD (Quantum Scientific Imaging 540) coupled
to a fixed focal length lens (Nikon Nikkor 50 mm) was used to
assess the radioactive distribution throughout the synthesis pro-
cess via Cerenkov emission. In order to preserve the quantitative
reliability of the Cerenkov imaging camera, the CCD was kept at
a fixed distance away from the EWOD chip. Furthermore, a lead
brick was placed between the chip and the CCD to reduce the
number of direct interactions of the 511 keV photons with the
CCD. The Cerenkov camera body was fixed to the outside of
the light-tight enclosure in order to (i) maintain reproducible dis-
tance between the camera and chip and (ii) to allow ventilation
for camera cooling. The Cerenkov imaging camera’s field of view
was set to be approximately 5 × 5 cm, slightly greater than the
dimensions of the EWOD chip. Exposure time was set to 30 s.
Temperature was set to −10 °C to reduce dark current.

Optimization of Radiolabeling Reaction on Cytop-Glass Substrate.

Although the optimal conditions for the radiosynthesis of
½18F�FDG have been well established at the macroscale, radio-
synthesis at the microscale has yet to be thoroughly investigated
to understand the effect of differences in the reaction geometry,
surface-to-volume ratio, reaction scale, as well as heat and mass
transfer in the microfluidic chips. We investigated the optimal
radiolabeling condition within microliter volume droplets on Cy-
top-coated glass substrate to achieve high and reproducible fluor-
ination efficiency. Cytop-coated glass substrates have comparable
surface chemistry and geometry to the full EWOD chip, but are
much easier to fabricate, enabling high throughput optimization
reactions to be performed. Typically, the [18F]fluoride was dried
on an open, heated Cytop-coated glass substrate. During the
fluorination step, a Cytop-coated glass cover plate was placed
on top of the reaction droplet (with a gap height 150 μm using
two layers of 3M double-sided adhesive) to mimic the sandwiched
droplet configuration on EWOD. We have also designed a heat-
ing platform made of an aluminum block with 15 mm × 20 mm
area to achieve comparable heating region as on EWOD chip
(∼12 mm diameter heater). For all of these Cytop-glass experi-
ments, the heating block set-point was calibrated on the upper
surface of the glass slide using an external thermocouple to en-
sure that the surface temperature used in these optimization re-
actions is comparable to the surface temperature measurements
from integrated electrodes within the EWOD chip. Based on this
reaction setup, we investigated the effect on the fluorination ef-
ficiency of (i) concentration of the phase transfer catalyst and the
precursor solution, (ii) reaction temperatures and times, and (iii)
droplet to heater size ratio. In each of the optimization studies
described in the next several sections, 3–5 experiments were per-
formed for each data point (summarized as average and standard
deviation of radiolabeling efficiency). The modified synthesis of
½18F�FDG was performed in DMSO (a high boiling point, aprotic
solvent with b:p: ¼ 182 °C) to overcome the uncontrolled eva-
poration of MeCN on the open EWOD platform. This critical
modification in the chemistry enabled systematic screening of re-
action conditions as it helped decouple the relationships among
concentration, reaction temperature, and droplet lifetime when
using MeCN.

Effect of concentrations. The concentrations of Kryptofix, K2CO3

and mannose triflate were first investigated on Cytop-coated glass
substrate while keeping the reaction temperature and time con-
stant at 100 °C and 5 min, respectively. In our first attempt, typical
radiosynthesis conditions used in the conventional macroscale
synthesis were directly translated onto EWOD chip by simply re-
ducing the reaction scale while keeping the concentrations of the
reagents to 12 mM, 6 mM, and 11.5 mM of Kryptofix, K2CO3,
and mannose triflate, respectively (2, 3). As illustrated in Fig. S3A
(blue color), the average conversion efficiency of FTAG was only
50.8%, which is below the average conversion obtained in the
macroscale radiosynthesis (typically >80%). Upon increasing
the concentration of Kryptofix, K2CO3, and mannose triflate
to 126 mM, 61 mM, and 104 mM, we observed a significant in-
crease in the fluorination efficiency, to a value comparable to
conventional radiosynthesis. It is unclear why the two reaction
scales have such disparate optimal concentrations. Investigations
showed that higher concentration of precursor is critical in
achieving higher conversion, while concentrations of Kryptofix
and K2CO3 seem to be less important. We did observe that in-
creasing the Kryptofix concentration from 12 to 28 mM was
found to improve the repeatability of conversion efficiency from
79� 12% (n ¼ 2) to 86� 6% (n ¼ 7). While our intention was
not to perform exhaustive studies, these preliminary studies pro-
vided guidelines for selection of concentrations and conditions
for subsequent studies.

Effect of reaction temperature. Due to the high boiling point of
DMSO used in this synthetic strategy, a wide range of tempera-
tures could be investigated while keeping other reaction para-
meters constant. Three different temperatures (82 °C, 100 °C,
120 °C) were explored for the radiolabeling of mannose triflate
in DMSO based on the optimized reagent concentration (see
Effect of concentrations) and constant reaction time of 5 min.
Fig. S3B shows that high fluorination conversions were only
achieved at temperatures above 100 °C.

Effect of reaction time. The kinetics of the radiolabeling reaction
performed within the confined microliter droplet were deter-
mined to achieve the shortest synthesis time. In this set of experi-
ments, both the 1 min and 7 min reaction times were performed
once (n ¼ 1), while the experiments at reaction time of 3 and
5 min were repeated 3–5 times. As shown in Fig. S3C, the con-
version efficiency increased steadily starting at 1 min and began
to plateau at 5 min. We have also explored higher temperature
radiosynthesis at 120 °C to increase the conversion efficiency at 3
and 5 min. At higher temperature, an increase of collision fre-
quency between reactants could be attained, thus resulted in
an increased in the conversion efficiency from 60% to 75% for
the 3 min reaction. However, less significant improvement
(þ4%) was observed for the 5 min reaction as most of the reac-
tive, ½18F−�KF∕K2.2:2 has reacted over the 5 min period. During
the initial implementation of these optimized reaction conditions
(concentrations, temperature, and time) onto the EWOD chip,
we found that the fluorination efficiency at 120 °C increased
by an additional 10% when the labeling reaction was performed
for 10 min vs. 5 mins. Thus, we continued to perform the radi-
olabeling reaction for 10 min in subsequent experiments.

Droplet to heater size ratio. The optimal reaction droplet size and
volume loaded onto EWOD chip were explored to achieve high-
est radioactivity and conversion efficiency based on our first
generation EWOD chip with 1 mm × 1 mmmultifunctional elec-
trode. These studies confirmed that the highest fluorination effi-
ciency was attained with droplet to heater size ratio approaching
1 (Fig. S4). Presumably, larger droplets experience a lower aver-
age temperature due to contact with both the heater region and
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surrounding nonheated region, which results in slower reaction
and reduced conversion. Based on these results, we optimized
the chip and heater design to ensure uniform heating of larger
droplets (to enable preparation of mCi amounts of ½18F�FDG).

Effect of nitrogen flow. A Gauge 30 needle was aligned parallel
to the gap on the EWOD chip (indicated by the blue arrow)
to provide nitrogen flow during the evaporation, drying and re-
action steps. The nitrogen flows facilitates the removal of solvent
vapor out of the chip, and thereby increasing the efficiency of the
drying process. Fig. S6 shows the effectiveness of the nitrogen
stream in removing the vapor condensation away from the reac-
tion site. In the absence of nitrogen, vapor condensation accumu-
lates surrounding the reaction droplet, thus decreases the rate of
drying.

Cartridge Purification. Due to the desire to maintain the small vo-
lume for small animal imaging (e.g., <200 μL, formulated in sal-
ine for mouse injection), a custom-made, miniature purification
cartridge was developed. Homemade cartridges for purification
of ½18F�FDG were packed with cation exchange (5 mg AG-
50W-X4, BioRad Laboratories) and ion retardation resin
(5 mg, AG11 A8, BioRad) with 50–100 mesh size, neutral alumi-
na (30 mg, particle size 50–300 μm, Waters) and C-18 (20 mg,
particle size 55–105 μm, Waters) within a 750 μm ID perfluor-
oalkoxy tubing. The resins were sandwiched between two poly-
ethylene frits (20 μm pore size). The crude reaction is first
passed through a strong cation exchange resin (functionalized
with sulfonic acid groups) to neutralize the acid used in the de-
protection step. The second bed of resin is composed of both a
weak cation and anion functional groups to trap any ionic species
that remain in the mixture. The unreacted [18F]fluoride ion is
retained in the subsequent neutral alumina resin and finally
the reaction mixture is passed through the reverse-phase silica
(C-18 functionalized beads) to remove other organic impurities.
The optimized purification cartridge for ½18F�FDG contained a
total of 60 mg of resins packed inside a length of 1∕16″ OD tubing
(Fig. 3B of main paper), which is effective in removing acids,
Kryptofix, unreacted [18F]fluoride, and other organic impurities.
The cartridge was first conditioned with ethanol (0.5 mL), fol-
lowed by water (1 mL; 18 MΩ). The final product was eluted with
250 μL of water to achieve a 99% chemically pure ½18F�FDG and
88% purification efficiency.

Quality Control of ½18F�FDG Synthesized on EWOD. Radio thin-layer
chromatography (radio-TLC). The radio-fluorination and hydrolysis
efficiencies of ½18F�FDG were determined by TLC on silica gel
plates, with a 95∶5 (by volume) acetonitrile/water mixture as elu-
ent. The radioactivity distribution was scanned with a γ-counter
(MiniGITA star, Raytest). The retention factors (Rf ) of ½

18F�F−,
½18F�FDG, and ½18F�FTAG were 0.00, 0.47 and 0.65, respectively.
Upon purification of the crude ½18F�FDG that was extracted from
the EWOD chip through the custom-made miniaturized car-
tridge, the radio-TLC of the final ½18F�FDG showed >99% radio-
chemical purity as shown in Fig. S7A. During the optimization
studies of the hydrolysis reaction of the crude ½18F�FTAG to
½18F�FDG, the TLC plates were developed in a 50∶50 (by volume)
hexanes/ethyl acetate mixture. Under this condition, both the un-
reacted fluoride and fully hydrolyzed ½18F�FDG remained on the
baseline, while partially hydrolyzed intermediates travel away
from the baseline. Before arriving at our optimal hydrolysis pro-
tocol, partially hydrolyzed ½18F�FTAG was obtained as evidenced
in the radio-TLC. For the red trace in Fig. S7B, the hydrolysis was
performed in HCl (1N, 2 μL) and heated at 100 °C for 5 min. By
instead performing hydrolysis at 100 °C for 10 min in a mixture of
1 N HCl and MeCN (50∕50 vol∕vol) (15 μL), complete hydrolysis
was observed (blue trace).

Radio high performance liquid chromatography (radio-HPLC). Radio-
HPLC on Phenomenex Luna reversed-phase C-18 column
(250 × 4.6 mm), with isocratic elution of MeCN∕H2O 70∶30
(vol∕vol) at a flow rate of 1 mL∕min of the final ½18F�FDG pro-
duct was performed. The isocratic radio-HPLC (Fig. S8B) sup-
ports the radio-TLC results, in which other radiochemical
impurities were not detected.

Gas chromatography for residual solvent analysis. A quantitative
method for determining amount of residual solvents as well as
the DMSO by-products in ½18F�FDG was developed using gas
chromatography (Agilent 7890A) equipped with a flame ioniza-
tion detector (FID), an auto sampler and a JW DB-WAX (poly-
ethylene glycol) column (30 m long, 0.25 mm ID and a phase
thickness of 0.25 μm). Fig. S8A shows a typical chromatogram
of standard solutions of solvents and DMSO degradation pro-
ducts. The GC was operated in a helium flow of 2 mL∕min, hy-
drogen flow of 30 mL∕min and an air flow of 350 mL∕min. In
this method, the initial oven temperature was set at 30 °C and
held for 2 min followed by a temperature ramp of 10 °C∕min
to 80 °C. After holding at 80 °C for 0.5 min, the temperature
was ramped at 10 °C∕min to 150 °C and held for 10 min to sepa-
rate the mixtures.

Colorimetric Kryptofix test.To analyze the amount of residual Kryp-
tofix in the final FDG product, we adapted a new quantification
method developed by Kilbourn, et al. (4) In this method, the TLC
plate was stained with potassium permanganate solution to visua-
lize the oxidized Kryptofix (appears as a yellow spot).
This method was chosen over the conventional iodine staining
method recommended by the USP because this method provides
higher sensitivity (down to 10 μg∕mL concentration). The iodine
staining method has additional disadvantages: it tends to lead to
false reading for tracers containing nitrogen or the presence of
added stabilizer. 4,7,13,16,21,24-Hexaoxa-1,10-diazobicyclo
[8.8.8]hexacosane (Kryptofix K2.2:2, 98%) was purchased from
Aldrich and used as received. Standards Kryptofix solutions of
400 μg∕mL, 40 μg∕mL, and 4 μg∕mL were prepared by dissolving
Kryptofix in 18MΩ water. TLC plates were spotted with 2 uL sam-
ples using a micropipette and the plates were stained using potas-
sium permanganate in aqueous potassium carbonate solution.
Stock potassium permanganate was prepared according to the
standard laboratory procedure: potassium permanganate (3 g),
potassium carbonate (20 g) and 5% sodium hydroxide (5 mL)
were dissolved in water (300 mL). The spotted TLC plates were
dipped into the stain solution, and the excess stain was absorbed
onto a paper towel. The plates were dried using a heat gun at low
heat. A yellow spot was observed on the TLCwith all the Kryptofix
standard solutions as low as 4 μg∕mL. A series of control, Kryp-
tofix standard solutions and FDG sample were spotted along the
TLC plate to compare the visibility of the yellow spot. Semiquan-
titatively, the yellow spot from the FDG sample is less intense in
comparison to the 4 and 40 μg∕mL solution, which confirmed that
the concentration of Kryptofix in the final FDG sample is below
the allowable level (50 μg∕mL) determined by the USP.

Comparison of Synthesis on EWOD vs. Other Microfluidic Platforms.

To highlight the differences between the EWOD microfluidic
platform presented here and other microfluidic platform, we
summarize in Table S1 several parameters of FDG synthesis on
EWOD with FDG synthesis on other reported microfluidic plat-
forms. The other platforms are classified as “batch” approaches
or “flow-through” approaches as described in the Introduction.
For the PDMS batch approaches, there is some ambiguity in
the precise meaning of reported results but we make our best jud-
gement in summarizing them. For flow-through systems, we
restrict our comparison to those that are microfluidic-chip based,
and omit those based on capillary reactors.
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Fig. S1. (Left) Schematic of EWOD chip structure. (Center) Process flow to fabricate EWOD base plate. (Right) Process flow to fabricate EWOD cover plate.

(Note: diagrams not to scale.)
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Fig. S2. Representative illustration of several chemical unit processes such as reagent loading, mixing, redissolving, reaction and evaporation on EWOD chip.

Prior to a loading step, the heater may be empty, contain liquid (e.g., first row of images), or contain dried residue (e.g., second row of images). Black arrows

indicate direction of droplet movement via EWOD to the reaction site (heater), while block blue arrows represent the direction of nitrogen flow. Nitrogen flow

removes vapor during evaporation steps, but was also found to be effective in reaction steps andmixing to stabilize the droplet while heated near or above the

boiling point. Activation of the heater is indicated by the thermometer symbol with adjacent temperature.

Fig. S3. (A) Effect of different concentrations of reagents on the efficiency of fluorination (of mannose triflate to produce ½18F�FTAG) on Cytop-glass in DMSO

while the reaction temperature and reaction time remained constant at 90 °C and 5min, respectively. (B) Effect of temperature on the fluorination efficiency in

DMSO on Cytop-glass. (C) Kinetic plot of the fluorination efficiency versus reaction time for fluorination reactions performed at 100 °C (red circles), and 120 °C

(blue squares). The dashed lines are smoothed curve fits to aid visualization.
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Fig. S4. (A) Digital photographs of two different droplet volumes greater than the heater size (heater is marked with a square dashed outline). (B) The effect

on ½18F�FTAG conversion of the droplet volume.

Fig. S5. (Top) Photograph looking down at the EWOD radiosynthesis chip set up inside the light-tight box of the Cerenkov imaging system. (Bottom) The

EWOD chip is located underneath a pivoting mirror that can direct light to either the Cerenkov CCD (left) or optical imaging camera (right).
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Fig. S6. Evaporation of the ½18F�KF∕K2.2:2 in MeCN and water mixture on EWOD (A) with the nitrogen flow as indicated by the blue arrow and (B) without

nitrogen flow. The boundary of the liquid droplet is outlined in blue dashes and the boundaries of regions where vapor has recondensed (due to contact with

cooler surfaces outside the heater site) are outlined in white dashes. With nitrogen flow, no condensation is observed on the upstream side of the droplet,

suggesting that the flow is effective in removing vapor from that part of the chip. In the absence of the nitrogen flow, solvent vapor condensed all around the

reaction site, and presumably slows further evaporation by maintaining high vapor pressure in the vicinity of the droplet-air surface.

Fig. S7. (A) Representative radio-TLC of the crude ½18F�FTAG (green trace), the crude ½18F�FDG and the purified ½18F�FDG developed in 95∶5 MeCN∕H2O (blue

trace) with an average fluorination efficiency of 88� 7% (n ¼ 11). The red trace showed that the purified ½18F�FDG had >99% radiochemical purity. (B) Radio-

TLC of the crude reaction products developed in 50∶50 hexane/ethyl acetate solvent mixtures to determine the extent of hydrolysis. The red radio-chromato-

gram showed partially hydrolyzed ½18F�FTAG obtained from an unoptimized hydrolysis condition, while the blue radio-chromatogram represented a fully

hydrolyzed ½18F�FDG.
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Fig. S8. (A) (Blue trace) Standards GC-FID chromatogram of mixtures of DMSO byproduct and residual solvents used in the preparation of ½18F�FDG. (Red trace)

Representative chromatogram of ½18F�FDG prepared on EWOD. Peaks: (i) dimethyl sulfide, (ii) acetone, (iii) methanol, (iv) ethanol, (v) acetonitrile, (vi) methyl

disulfide, (vii) bis(thiomethyl)methane, (viii) dimethyl sulfoxide, and (ix) dimethyl sulfone. (B) Representative radio-HPLC chromatogram of the purified

½18F�FDG using the miniaturized cartridge. Corresponding retention times are 1.96, 2.38, 3.0, 3.5, 4.1, 5.1, 11.7, 15.8, and 20.4 min.
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Table S1. Comparison of several parameters of FDG synthesis on reported microfluidic platforms

Batch Batch Batch Flow-through Flow-through

Reference this work 1 2 3 4
Fluid path configuration programmable fixed fixed fixed fixed
Solvent compatibility excellent poor poor limited excellent
On-chip fluoride drying? yes yes no (Note 1) no no
Precusor (μg) 200 0.3 125 25,000 40,000–45,000
Reaction volume (μL) 1–16 (Note 2) 0.04 5 200 (each reagent) 500 (each reagent)
FDG conversion efficiency (%)

(Note 3)
88 ± 7%,
n ¼ 11

97.6%,
n ¼ 1

up to 96%,
n ¼ ?

>50%,
n ¼ ?

20%,
n ¼ ?

Total on-chip synthesis time (min)
(Note 4)

60 14 14 0.1 10
þ ? (off-chip
drying time)

þ ? (off-chip drying
time)

þ8 (off-chip drying
time)

Performed purification (off-chip)? yes (15 min) No yes (time ¼ ?) no no
Final radiochemical purity (%) >99 >90 >99 — —

Highest reported on-chip starting
radioactivity (mCi)

4.6 0.5 812 13.5 1-1,000

Highest reported final radioactivity (mCi) 0.7 0.19 3 — —

Decay corrected radiochemical yield
including purification (%)

22 ± 8%,
n ¼ 11

41.5%, n ¼ 1

(Note 5)
— — —

Product passed QC tests? (color/clarity,
solvents, pH, Kryptofix)

yes — — — —

[Notes (1): The chip is capable of on-chip fluoride drying, but, as described in the supporting information of ref. 2, off-chip drying was used for most of

reported data due to chip reliability issues. (2): The concentric heater electode patterns permits different reaction volumes. (3): These values are obtained from

radio-TLC of crude product after the radio-fluorination and hydrolysis reactions, without regard for radioactivity loss (e.g., fluoride) that may have occurred.

(4): For flow-through chips, we report total reaction time, not the residence time. (5): Decay-correction applied to reported 38% radiochemical yield, assuming

14 min reported synthesis time. A dash in any entry means no data was reported]
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